Osmotic adjustment was studied in cultured cells of tomato (Lycopersicon esculentum Mill cv VFNT-Cherry) adapted to different levels of external water potential ranging from -4 bar to -28 bar. The intracellular concentrations of reducing sugars, total free amino acids, proline, malate, citrate, quaternary ammonium compounds, K@, NO3-, Na', and Cl1 increased with decreasing external water potential. At any given level of adaptation, the maximum contribution to osmotic potential was from reducing sugars followed by potassium ions. The sucrose levels in the cells were 3-to 8-fold lower than reducing sugar levels and did not increase beyond those observed in cells adapted to -16 bar water potential. Concentrations of total free amino acids were 4-to 5-fold higher in adapted cells. Soluble protein levels declined in the adapted cell lines, but the total reduced nitrogen was not significantly different after adaptation. Uptake of nitrogen (as NH4' or NO3-) from the media was similar for adapted and unadapted cells. Although the level of quaternary ammonium compounds was higher in the nonadapted cells than that of free proline, free proline increased as much as 500-fold compared to only a 2-to 3-fold increase observed for quaternary ammonium compounds. Although osmotic adjustment after adaptation was substantial (up to -36 bar), fresh weight (volume increase) was restricted by as much as 50% in the adapted cells. Altered metabolite partitioning was evidenced by an increase in the soluble sugars and soluble nitrogen in adapted cells which occurred at the expense of incorporation of sugar into cell walls and nitrogen into protein. Data indicate that the relative importance of a given solute to osmotic adjustment may change depending on the level of adaptation.
adjustment of higher plant cells during exposure to such stress or on the contribution of different solutes to osmotic adjustment (12, 38) .
Studies on the mechanism of osmotic adjustment in plants are limited by the fact that whole plants contain mostly nongrowing cells (38) . This makes it difficult to characterize the osmotic response in terms of cellular and biochemical processes in growing cells. This difficulty can be overcome largely by the use of cultured plant cells which allows careful measurements ofgrowth in response to various changes in osmotic environments (4) .
Using a population of somatic cells oftomato in liquid culture (P0 line), we have isolated cell lines which are tolerant to different levels of water stress, i.e. to external^ti of - 16 (P20 line), -22 (P25 line), and -28 bar (P30 line), imposed by the addition of PEG (20%, 25%, and 30%, respectively) to medium (3, 1 1). These cell lines offer an excellent system for studying osmotic adjustment since they are virtually isogenic and have undergone different levels of osmotic adjustment (4) . Therefore, the observed physiological changes in these cell lines may be directly correlated with growth tolerance changes. Furthermore, these cells show changes in osmotic adjustment during the growth cycle ofa given cell line (4) and observed physiological changes can be correlated with these A,, changes. The present study identifies several solutes which accumulate in cultured cells as they adapt to low^6. Changes in solute concentrations which we observe in the adapted cell lines are those that have persisted through long term adaptation to continuous low external A and not through water stress shock of short duration.
MATERIALS AND METHODS
Osmotic adjustment in plants has been observed and studied for many years (38) . Apart from the recognition of osmotic adjustment as an integral part of higher plant cell growth, much interest in the role of osmotic adjustment in water and salt stress tolerance has developed in recent years (12) . It is generally known that, in the absence of various avoidance mechanisms, plant cells which actually experience desiccation to the point of turgor loss must regain turgor through osmotic adjustment to resume growth. In spite ofthe obvious importance ofosmotic adjustment to the maintenance of growth under many circumstances of either osmotic or desiccation stress there is relatively little information on the physiological and biochemical nature of osmotic ' Growth of Cell Cultures. Cell suspensions of tomato (Lycopersicon esculentum Mill cv VFNT-Cherry) were grown and maintained as stock cultures, as described earlier (3) . Growth of cells was determined by measuring fresh weight and dry weight gain, as described previously (3) .
Adaptation of Cells to Water Stress. Cell lines tolerant to PEG-induced water stress were obtained by transferring the cells to successively higher concentrations ofPEG after allowing them to adapt to a lower concentration first (1 1). After the desired level of adaptation had been reached, the cells were subsequently subcultured (at a density of 8-12 g fresh weight/l) into media containing the same concentration of PEG to which they were adapted. Cells adapted to 20, 25 , and 30% PEG were maintained in medium with these levels of PEG for 250, 250, and 125 generations, respectively, before use in experiments described here.
Measurement of Water and Osmotic Potential. The relationship between ,1 and PEG concentration in the medium was indicated previously (3) . Since the cells are assumed to be in equilibrium with the medium to which they are adapted, the t of the cells was taken to be equal to that of the medium. The t of the latter was measured by using a Wescor model HR 33T hygrometer with model C52 thermocouple psychrometer chambers. Osmotic potential of the cells was measured by the method of incipient plasmolysis as described previously (12) . Incipient plasmolysis is defined as occurring when 50% of the cells were visibly plasmolyzed. Relative Partitioning of Glucose into Osmotic and Cell Wall Pools. Unadapted cells and cells adapted to 25% PEG were grown for approximately 10 generations in medium containing 30 g/l glucose as the carbon source instead of sucrose. No differences in growth in medium with glucose were observed. These cells were then subcultured into 50-ml Erlenmeyer flasks containing 10 ml of appropriate medium containing 30 g/l glucose. Cells were incubated until mid-log phase, and then 100 pl of filter-sterilized [U-'4C]glucose (260 mCi/mmol) in the appropriate medium was added to a final specific activity of 4.2 ACi/mmol. Cells were incubated for up to 3 d, then filtered through GF/F glass fiber filter paper. Samples of the culture medium were assayed for glucose uptake. The unadapted cells and cells adapted to 25% PEG were rinsed with 5 ml of deionized H20 or with 0.9 M mannitol, respectively. After weighing, the cells were homogeneized and incubated in 10 ml of 80% ethanol (v/v) at 70°C for 20 min. Cell wall material and cell debris was collected by centrifugation at 5,200g for 10 min and the supernatant was decanted. The debris was re-extracted with 80% ethanol as before, and the supernatants were combined and taken to dryness under reduced pressure. The dry residue was dissolved in 5.0 ml water. Cell walls were purified according to Carpita et al. (5) , and noncellulosic polymers in lyophilized cell walls were hydrolyzed in acetic-nitric acid according to Updegraff (39) . Unhydrolyzed cellulose was washed twice in deionized H20, and both cellulose and aqueous samples were suspended in ACS aqueous counting solution (Amersham) and radioactivity was determined by liquid scintillation spectrometry.
Preparation of Samples for Solute Analysis. Cells were harvested by filtering on a Buchner funnel and washed with isotonic solutions of mannitol. After fresh weight determination, 100 to 200 mg of cells were quickly placed in 2 ml of ice-cold MCW2 (12:5:3, v/v/v) and stored at -20°C prior to proline and QAC analyses. Cells used for other solute analyses were frozen, lyophilized, and stored at -200C. N Determination. Total reduced N in cells, and NH4' and N03 present in media, were measured by the Kjeldahl method (1). For total reduced N in cells, 50 to 100 mg of lyophilized cells from each sample were digested in H2SO4 and H202. Fiveml samples were taken directly from the media for NH4' and NO3-estimation. Protein Estimation. Ninety to 100 mg fresh weight of cells from each sample were homogenized in 50 mm K-phosphate (pH 7.5). Homogenates were centrifuged at 30,000g for 10 min. The soluble proteins were precipitated with 10% TCA. The protein precipitates were redissolved in 0.1 N NaOH and the amount of protein was measured by the method of Lowry et al. (23) .
Solute Assays. For sugars and amino acids, 50 mg lyophilized cells were extracted three times for 30 min at 70°C with 2.5 ml of 80% ethanol. The pooled extracts were evaporated under reduced pressure and the residue was redissolved in 100 mm Na acetate buffer (pH 5.0) for total amino acids or in Beckman Physiological buffer for individual amino acids. Reducing sugars were analyzed by the modified version of Nelson (29) as described by Somogyi (34 Fig. 2A) . However, the final dry weight gain at stationary phase (10.26 ± 0.45 g I-') was similar for all cell lines (Fig. 1 B) . This indicates that the cell lines were adapted to the stress, i.e. the cells were not actually in a state of stress with respect to dry weight accumulation.
The it, 14,r, and ,6 of the nonadapted and the adapted cell lines changed during the growth cycles (Ref. 4; Fig. 3 ). The with the degree ofadaptation to water stress (Fig. 2B) , the increase in turgor being especially marked in P30 cells. However, since the total fresh weight accumulation decreased with the level of adaptation ( Fig. 2A) , growth was reduced in spite of increases in turgor. A progressive increase in dry weight to fresh weight ratio with increased adaptation was observed (Ref. 4; Fig. 1C ) and would be expected if the mean cell size becomes smaller with increasing adaptation (4 (Fig. 4) , a relatively smaller fraction of the imported glucose was utilized for cell wall synthesis (Fig. 4B) . Thus, the ratio of the ['4C]glucose incorporated into the soluble (Fig. 5A ). This altered partitioning of carbon and nitrogen also reflects the increase in the concentration of cell solutes in general which is associated with osmotic adjustment.
Inorganic Solute Levels. Unlike halophytes ( 19, 20) or cultured cells adapted to NaCl (14) which accumulate large concentrations of Na+ and Cl-ions in order to adjust the cellular 4A, cell lines adapted to PEG-induced water stress would not be expected to do so simply because the amount of inorganic solutes available in the nutrient medium is not sufficient to allow high levels of adjustment. However, it appears that some significant accumulation ofions does occur in these cell lines (Fig. 6) . The unadapted cells and P20 cells accumulated 8 to 10 mm Na+ against the low concentration (less than I mM) in the medium, but these concentrations did not vary much over the growth cycle (Fig. 6, A  and B) . The concentration of Na+ increased by 3-to 5-fold in P25 and P30 cells, respectively (Fig. 6, A and B) . Cells accumulated substantially more K+ (40-200 mM) than Na+ at similar levels of adaptation (Fig. 6, C and D) . In contrast to Na+, the K+ concentrations in the cells increased proportionally as the cells were adapted to higher levels of stress (Fig. 6C ) and the changes in the concentrations through the growth cycle were similar to changes in the 4,,, of the cells (Figs. 3,C and 6D ), thus indicating a relatively more important role for K+ ions in osmotic adjustment of these cells. The amounts of Cl-which accumulated were similar to the amounts of Na+ which accumulated at the respective level of adaptation (Fig. 6, G and H) and like Na+, did not vary much over the growth cycle except in P30 cells. The intracellular concentration of NO3-also increases with adaptation to higher levels of stress (Fig. 6E) . Accumulation of NO3-in the adapted cells (up to 60 mm in the P30 cells) appears to reflect a change in metabolism, e.g. decreased NO3-reduction, since uptake of NO3-from the medium appeared similar in all the cell lines (Fig. SD) .
Organic Solute Levels. The levels ofseveral low mol wt organic compounds in each cell line were examined (Figs. 7 and 8) tion (Fig. 7, A and B) , reaching as high as 600 mM in the P30 cells. The cells also accumulated some sucrose (Fig. 7 , C and D) but the levels of sucrose were 3-to 8-fold lower than those of reducing sugars (Fig. 7, A and B) . The sucrose concentration increased in moderately adapted P20 cells but did not increase with further adaptation to water stress. The total free amino acid concentrations increased 2-fold in P20 cells (Fig. 7, E and F) . The free amino acid content had increased by 6-fold in P25 cells although no additional increase was observed in P30 cells (Fig. 7E ). Since the total reduced N in the adapted cells did not decrease significantly at the levels of adaptations examined here, it follows that the increased levels of free amino acids (Fig. 7E ) must occur at the expense of proteins (Fig. 5A ), either by reduced incorporation into protein (15) or by degradation of protein (8) .
Increases in proline content were more marked (Fig. 7 , G and H) than of any other solute examined. Below a certain threshold (corresponding to 4' of -1 1 bar), proline levels increased rapidly with increasing levels of adaptation (Fig. 7G ). Thus, the proline level in the nonadapted cell line did not exceed 0.65 mm at any time during the cell growth cycle whereas the maximum concentration reached as high as 10, 29, and 97 mm in P20, P25, and P30 cells, respectively (Fig. 7H) . The per cent increases in free proline were higher than the per cent increases observed in total free ninhydrin positive amino acids. The average per cent of free proline in total free amino acids increased from 0.7% in the P0 cell line to 44.7% in the P30 cell line (Table I ). This suggests that the mechanism by which free proline is generated in the adapted cell line may be independent of that which regulates the level of other free amino acids.
Apart from proline, increases were observed in the average levels of serine, glycine, alanine, valine, methionine, isoleucine, leucine, phenylalanine, y-amino butyric acid, lysine, histidine (Table I) , and also in free ammonia (not shown). The increases ranged from 2-to 30-fold, but apart from proline, only the concentration of y-amino butyric acid rose to comparatively high levels (up to 33 mM). In addition to the increases observed in the individual amino acids, decreases were observed in the concentrations of glutamate and glutamine (2-to 3-fold, respectively) in the adapted cell lines (Table I) . Our results are consistent with data that indicate that glutamate is the precursor to proline. It has been demonstrated that ['4CJglutamate is converted into proline in detached leaves of tobacco which have been subjected to water stress (2) . The observed levels of glutamate or glutamine in unadapted cells were not high enough to account for the levels of proline observed in adapted cells. Pool sizes of amino acids do not reflect the fluxes through the pools however. Even though total levels of glutamine decreased our data suggest that increased synthesis of proline from glutamine or through other biosynthetic pathways, i.e. via arginine and ornithine, occurs at higher levels of adaptation. GABA is generally formed by the decarboxylation of glutamate (25) or from glutamine (e.g. in rice leaves) and it is possible that the high levels of GABA observed in adapted cells result from accelerated decarboxylation of glutamate. Streeter and Thompson (36) have speculated that the accumulation of GABA under anaerobic conditions is due to the acceleration of glutamate decarboxylation as well as to the arrest of GABA transamination.
Malate and citrate were the only organic acids found in significant levels. In a given cell line, the concentrations of these two organic anions were similar and increased as the cells became adapted to increasing levels of water stress (Fig. 8, A and B) . Some other compounds (mainly sugars) besides malate and citrate were identified by mass spectrometric analyses but none occurred in significant concentrations.
A small but significant increase was observed in levels of QAC ( Fig. 8C ) with increasing levels of adaptation. Although in the nonadapted cell line, the average level of QAC was almost 10-fold higher than that of proline, the process of adaptation to low external t' did not bring about the large increases in QAC as observed for proline accumulation (2-to 3-fold for QACs as compared to 500-fold for proline; Figs. 7, G and H, and 8C; Table I ).
DISCUSSION
The present results as well as earlier results in this laboratory (4) show that tomato cells in suspension culture have large capacities for osmotic adjustment when subjected to water stress. Osmotic potential changes can result from both active and passive accumulation of solutes (38) . It appears that the cultured cells of tomato undergo active osmotic adjustment because of the observed maintenance and increase in turgor during the adjustment (Figs. 2 and 3) . Moreover, the fact that upon transfer to fresh medium, the cells increase their fresh weight or grow at the same time that 4,. is decreasing also indicates that active solute accumulation must occur. Cell solute levels increase as the cells are adapted to increasing levels of stress (Fig. 9A) , and since these accumulations are most pronounced during the exponential phase of the cell growth cycle (Fig. 9B) , it follows that osmotic adjustment is more pronounced during the time the cells are growing.
It has already been shown in an earlier study (1 1) that PEG does not contribute to the osmotic adjustment of the cells. In general, the concentration of all of the low mol wt solutes examined increased with the degree of adaptation, although in some cases a linear relationship between specific solute concentration and 44 was observed and in others it was not. The solutes which were examined in the present investigation could be divided into three categories: (a) those solutes for which the concentration did not change with a low level of osmotic adaptation but was proportional to 4,,,4 at higher levels of adaptation, i.e. Na+, proline, and QAC; (b) those solutes for which the concentration was proportional to 44X only at lower levels of adaptation, i.e. sucrose and total amino acids; and (c) the majority of solutes which increased in concentration proportionally or nearly proportionally to 44 at all the levels of adaptation studied, i.e. K+, NO3-, Cl, reducing sugars, malate, and citrate.
The maximum contribution to 4 and nitrate, 0.51) but increased significantly after adaptation (proline, 0.86; citrate, 0.60; total amino acids, 0.71; Cl-, 0.86; K+, 0.85; and nitrate, 0.90). Malate and Na+ were exceptions where the correlation coefficient for malate decreased from 0.72 to 0.14 and Na+ remained low, 0.40 to 0.31. Sugars appear to be general osmotic agents, the concentrations ofwhich are generally correlated with 4,, adjustment and growth regardless ofthe levels of stress adaptation. Sugars are known to be involved in normal osmotic adjustment, i.e. those not associated with stress (16) . Many of the other solutes seem to become more correlated to the 44,, changes associated with the cell growth cycle after substantial adaptation to stress, suggesting that increased regulation over their intracellular levels has occurred during adaptation.
Since only proline levels appear to change dramatically in terms of relative importance to overall osmotic adjustment, synthesis of proline may represent the most highly regulated metabolic event during adaptation and as such would appear to be suitable as a parameter to evaluate the degree of adaptation. However, this relationship may be applicable only to cultured cells or whole plant systems (e.g. 27) , where osmotic adjustment is the only or major means ofadaptation. Proline is very unlikely, as Hanson has shown (see 12) to be well correlated with the level of adaptation or tolerance in systems where tolerance or adaptation is brought about by other mechanisms, e.g. avoidance.
In earlier studies, it was shown that osmotic adjustment by tissues of whole plants was almost completely accounted for by the solutes measured. For example, in wheat (28), 60 O. 100% of the decrease in 44, in response to decreased 4' was accounted for by the accumulation offree amino acids and sugars. Similarly, in fully expanded leaves of sorghum (18) , 84 to 100% of the osmotic adjustment (7-11 bar) could be accounted for by increases in concentration of potassium, sugars, free amino acids, chloride, and carboxylic acids. Meyer and Boyer (26) showed that the growing region of the hypocotyl of soybean seedlings growing under water stress conditions underwent osmotic adjustment (5 bar), 70% of which could be explained by increases in sugars and free amino acids.
Recently, the accumulation of solutes was studied in salttolerant cells of N. tabacum (13, 14) and alfalfa (7) . However, the osmotic adjustment observed in these cells was small (about 5 bar) and could be explained almost entirely (80-89%) by uptake of Na+ and Cl-alone. It is clear from such studies that the contribution of typical solutes could almost totally account for moderate amounts of osmotic adjustment (5-1 1 bar) .
In the present study, adaptation involving significantly greater levels of osmotic adjustment has been observed. Even after corrections were made to account for the presence ofextracellular fluid, the different solutes which we measured accounted for 46% of the 464 in the nonadapted cells and in cells adapted to -16 bar stress, and for 65% and 56% of the 4, 4 in cells adapted to -22 and -28 bar of stress, respectively. In spite of the high solute levels observed, the inability to account completely for the As of the cells could be due to (a) presence of unidentified solutes, (b) over-estimation of the 446X of cultured cells by the plasmolytic method used, (c) under-estimation of the nonosmotic volume, and (d) non-ideal behavior of solutes contributing to 44. It is clear that there are numerous solutes present in the cells for which we have not accounted. The contribution of these solutes to osmotic potential is unknown but it seems unlikely that there are other individual solutes which would make a major osmotic contribution. We have examined sugars and sugar alcohols by GC and did not find any major compounds other than those shown which accumulated during adjustment to stress. We know that estimations of the 44, by the plasmolytic method yields The quantitative and qualitative changes in free amino acids suggest that the cells may primarily respond to (and eventually adapt to) water stress by altering the rates of assimilation, synthesis, utilization, and interconversion of amino acids. For example, judging from the observed decrease in glutamate (Table  I) , it appears that rates of reduction of glutamate to proline or of decarboxylation to y-amino butyric acid may be affected. It is possible that the observed changes in organic acids could occur via amino acids also by pathways such as oxidative deamination. Similarly, changes in quaternary ammonium compounds can be mediated by amino acid metabolism (see 12) .
In addition, there is an increase in free amino N and free 
